We have examined the patterns of DNA sequence variation in and around the genes coding for ICAM1 and TNF, which play functional and correlated roles in inflammatory processes and immune cell responses, in 12 diverse ethnic groups of India. We aimed to (a) quantify the nature and extent of the variation, and (b) analyse the observed patterns of variation in relation to population history and ethnic background. At the ICAM1 and TNF loci, respectively, the total numbers of SNPs that were detected were 28 and 12. Many of these SNPs are not shared across ethnic groups and are unreported in the dbSNP or TSC databases, including two fairly common non-synonymous SNPs at positions 13487 and 13542 in the ICAM1 gene. Conversely, the TNF-376A SNP that is reported to be associated with susceptibility to malaria was not found in our study populations, even though some of the populations inhabit malaria endemic areas. Wide between-population variation in the frequencies of shared SNPs and coefficients of linkage disequilibrium have been observed. These findings have profound implications in case-control association studies.
Introduction
Analysis of DNA sequence variation within and between populations is useful for understanding the evolution and organization of the human genome, as well as the complex links between genotypic and availability of allele frequencies from diverse populations. Moreover, since a substantial number of common variations are population specific, the need for additional SNP discovery and validation studies in other large, diverse ethnic populations has been emphasized. The data from such studies can also be profitably utilized to understand the nature, extent and causes of genetic variation across ethnic groups.
In this study, we report a systematic survey of polymorphisms in and around two genes -the intercellular adhesion molecule 1 (ICAM1) and tumor necrosis factor α (TNF) genes -among 208 individuals drawn from 12 different ethnic groups of India. There is interaction between the ICAM1 and TNF gene products in inflammatory processes and immune cell responses in a wide range of diseases. The cytokine TNF is known to upregulate the endothelial adhesion molecule ICAM1 (Meager, 1999) . A large number of studies have reported associations of various diseases with polymorphisms in these genes, some of which are possibly of intrinsic functional relevance (Fernendez-Reyes et al. 1997; Giminez et al. 2003) . The aims of this study were (a) to discover and validate SNPs in the ICAM1 and TNF genes in multiple ethnic groups of India, (b) to identify the proportion of SNPs present in Indian populations that remain unreported in dbSNP, (c) to analyze the variation in SNP and SNP-haplotype frequencies across populations, with a view to quantifying genetic structure and understanding population relationships, and (d) to assess the extent of variation in linkage disequilibrium across populations.
Materials and Methods

Population Samples
Blood samples were collected from individuals unrelated to the first cousin level. These individuals belonged to 12 distinct ethnic groups inhabiting 5 different geographical regions of mainland India, and the Andaman and Nicobar Islands. Collection of blood samples was initiated from the populations of mainland India after approval of the Institutional Ethics Committees, and was carried out with informed consent of the participants. Blood samples from the Jarawas, who inhabit the Andaman and Nicobar Islands, were collected for medical purposes by the Regional Medical Research Centre, Indian Council of Medical Research, Port Blair, in collaboration with the Health Services Department of the Andaman & Nicobar Administration, when there was an outbreak of fever of unknown etiology some years ago. Before undertaking research using these collected blood samples, which were already stripped of all identifiers, approval of the Ethics Committee of the Regional Medical Research Centre, Port Blair, was gained. A list of the populations, with sample sizes and brief notes on their linguistic and socio-cultural backgrounds, are provided in the Table 1 . The geographical locations of sampling are indicated in Figure 1 .
Loci and Protocols
The ICAM1 gene maps to 19p13.3-p13.2 and contains 7 exons. The TNF gene maps to 6p21.3 and contains 4 exons. Genomic sequences of these two genes were downloaded from the UCSC Genome Browser (http://genome.ucsc.edu). The genomic region encompassing the ICAM1 was repeat-masked using the program RepeatMasker2 (http://ftp.genome.washington.edu.cgibin/RepeatMasker). Appropriate primers to amplify the exons, introns, the 5' and a portion of the 3' untranslated regions (UTRs) of these genes (excluding the repeat-masked region of ICAM1) were designed. The total number of bases resequenced for each individual were 6000 and 3046, respectively, for the ICAM1 and TNF genes.
DNA amplification conditions for PCR were optimized using control samples. PCR products were cleaned using Exonuclease I and Shrimp Alkaline Phosphatase and subjected to sequencing on an ABI-3100 automated sequencer using dye-terminator chemistry. (Primer sequences and PCR conditions are available on request.) ABI trace files thus generated were analyzed using the PHRED software (http://www.mbt.washington.edu/phrap.docs/phred. html) which assigns quality scores to each base. The PHRED outputs for all the individuals for any given PCR amplicon were aligned using PHRAP software. The resulting assemblies were viewed using CONSED that allows identification of putative b The Jarawas speak a dialect that remains unclassified sequence variants. All samples with putative variant alleles were resequenced using the reverse primers for confirmation.
Statistical analysis
Allele frequencies at each variant site were computed by the gene-counting method. Maximum likelihood estimates of haplotype frequencies from the ICAM1 and TNF polymorphic sites were obtained via the EM algorithm using the program HAPLOPOP (Majumdar & Majumder, 1999) . Standard diversity indices and coefficients of pairwise linkage disequlibrium (D') were estimated using the Arlequin package (http://anthropologie.unige.ch/arlequin). Population structure analysis was also performed using Arlequin. Genetic affinities were estimated by the standard principal components analysis and neighbour-joining phylogenetic analysis (Saitou & Nei, 1998) .
Results
Sequence Variation
At the ICAM1 locus, 29 variant sites were identified by resequencing the ICAM1 gene in 208 individuals drawn from the 12 different ethnic groups (Table 1) inhabiting different geographical regions of India. Allele frequency and relevant characteristics of each variant site are given in Table 2 . Transition substitutions are more prevalent (64%) than transversions (35%); one insertion/deletion (indel) polymorphism was observed. All variant sites are biallelic, except for one site (Table 2 , rs5030352) where a third T-allele appeared in two Konkan Brahmins of Maharashtra that were GT heterozygotes. (We removed these two individuals from allele frequency estimation for that site and also for haplotype reconstruction.) Interestingly, we observed two fairly common non-synonymous SNPs in our samples, at nucleotide positions 13487 and 13542, that have not been reported previously. The 29 polymorphic sites detected by resequencing represent an overall occurrence of 1 site per 213 bp; 1 per 207 bp in introns and 1 per 177 bp in exons. The minor allele frequencies of 6 of the 7 non-synonymous SNPs are above 5% in one or more ethnic group in our sample. Only 5 out of 29 sites are shared among the 11 ethnic groups inhabiting mainland India. Wide differences in allele frequencies across groups were observed ( Table 2 ). The Jarawas are monomorphic for 25 out of 29 sites (Table 2 ). The locations of the SNPs on the map of the ICAM1 gene are provided in Figure 2 (a).
At the TNF locus, 12 SNPs (9 transitions and 3 transversions) and 2 indels were identified (Table 3) . Four new SNPs were discovered, of which 3 are present only in the Jarawa. One of these private sites among the Jarawa (C500T) is highly polymorphic; the frequency of the rarer allele at this site is 0.343. Wide variation in allele frequencies across populations were observed (Table  3) . The Manipuris and the Santals are monomorphic at all except one (C56T) and two (G489A and A2053C) sites, respectively. The locations of the SNPs on the map of the TNF gene are provided in Figure 2 (b).
The gene diversity across populations varies between 5-10% at the ICAM1 locus (Table 2) Table 2 Continued. The allele with a lower frequency in the pooled sample is designated as the minor allele. Blank cells frequencies indicate zero frequencies.
c A third allele T was detected as GT heterozygotes in two KBR individuals. These two individuals have been excluded from allele frequency estimation.
Table 3
Characteristics larger variation (9-12%) across populations at the TNF locus.
Haplotype Frequencies
Frequencies of haplotypes at the ICAM1 locus were estimated (Table 4 ) using allele frequency data from only those 17 polymorphic sites at which the frequency of the rarer allele exceeded 0.05 in at least one population. A total of 61 haplotypes were present, about 34% (19 of 61) of which are shared by at least two groups. Three haplotypes -H1 (21%), H5 (14%) and H9 (12%) -are the most frequent. Notable are two haplotypes (AC-CCGAGCGCCGGCAGC and ACCCGAGCGCCG-GCAGT) with frequencies 5% and 10%, respectively, that are present among the Jarawa. The southern-Indian Brahmin group, the Iyer, harbours the largest number of haplotypes (16), while the Jarawas harbour the lowest number (8).
At the TNF locus, 36 haplotypes were observed (Table 5), of which 11 are shared among groups. Haplotype H1 constitutes 62.5% of the TNF gene pool in India, outnumbering all other haplotypes. Similar to the ICAM1 locus, at the TNF locus also the Jarawas revealed a deviant haplotype frequency distribution compared to the other populations from mainland India.
Haplotype diversities at both loci showed similar patterns as those of gene diversities.
Linkage Disequibrium
At each locus, we estimated the coefficient of linkage disequilibrium, D', for every pair of polymorphic sites, separately for each population. Both loci show considerable variation in the estimates of D' across populations (detailed results not shown). At the TNF locus, there are only two SNPs that are present in all 12 populations. Therefore, results pertaining to variation in LD values across populations are not shown for this locus. Further, for those SNPs that are present in multiple populations, the extent of variation in LD across populations at this locus is not as pronounced as for the ICAM1 locus. In Figure 3 , therefore, we have presented the values of D' for all pairs of sites that are polymorphic in the vast majority of the ethnic groups at the ICAM1 locus.
Genetic Affinities and Differentiation
Based on the haplotype frequencies of the ICAM1 and TNF loci, we carried out a principal components analysis. The bidimensional plot depicting affinities among the populations based on the values of the first two principal components (that explain about 30% of the total variance in haplotype frequencies) is presented in Figure 4 . No strong clustering of populations belonging to the same social, geographical, or linguistic group is observed. This finding was also corroborated by a cluster analysis performed using the neighbor-joining method (results not presented). The F st values among the 11 populations of mainland India (the Jarawas were excluded from the analysis because they possess many private polymorphisms), grouped by geographical region of habitat, socio-cultural category and linguistic affiliation, indicated similar levels of genetic differentiation for the various groupings. Genetic differentiation at the ICAM1 locus is higher than the TNF locus (Table  6 ). The analysis of molecular variance (AMOVA) results (Table 6 ) indicated that the extent of genetic variation attributable to between-group differences is quite low; and that among populations within groups is only slightly higher. At both loci, most of the genetic variation is attributable to differences between individuals within populations.
Discussion
In this study, we have examined the patterns of DNA sequence variation in and around the genes coding for ICAM1 and TNF, in 12 diverse ethnic groups of India, with a view to quantifying the nature and extent of the variation, and to analyze the patterns of variation with respect to population history and ethnic background. The primary motivations for undertaking this study were (a) the recent emphasis for the need of SNP discovery and validation studies in disparate global populations (Carlson et al. 2003; Reich et al. 2003) , (b) the need to explore variation in linkage disequilibrium across populations, to provide a clearer understanding of the statistical intricacies of disequilibrium mapping of human diseases (Chattopadhyay et al. 2003) , and (c) to examine the causes of maintenance of variation at functionally important genomic regions. The ICAM1 figure, loci 1 , 2, 3, 4 and 5 correspond, respectively, to C3965G, G8880C, G13542T, A13905G and C14588T.) and TNF genes were selected in view of their functional and correlated roles in inflammatory processes and immune cell responses in a wide range of diseases (Dobbie et al. 1999; Striz et al. 1999; Bjornsdottir & Cypcar, 1999) .
Our study has shown that Indian ethnic groups harbour SNPs that remain unreported in the major SNP databases. Some reported SNPs have not been found in our study populations. The SNP frequencies also show wide variation across populations, including some private polymorphisms among the Jarawa. To summarize, a comparison of the variant sites observed in the two genomic regions among Indian populations with those catalogued in dbSNP (Build No. 120) revealed that: (i) 21 polymorphic sites found in individuals of either African and/or European descent are also common to Indian samples; (ii) 22 new SNPs were discovered in Indian samples, of which 11 are rare and private to one group or region; (iii) 45 variable sites reported in dbSNP, of which 6 have frequencies greater than 10% in either European or African Americans from the same target region, could not be validated in our samples. These findings have obvious implications for case-control studies and, in part, may explain why disease-marker associations reported in one population cannot be replicated in another population. To exemplify, an association between the E469K gene polymorphism at the ICAM1 locus and Alzheimer's disease (AD) was reported among Italian patients, indicating the role of the ICAM1 gene in the pathophysiology of neuro-degenerative diseases (Pola et al. 2003) . However, this association was not found among Finish patients (Mattila et al. 2003) . We, in this study, have detected a wide variation in allele frequency for the E469K polymorphism among the groups , 4, 6, 7, 12, 13, 15, 17, 20, 21, 22, 23, 24, 26, 27 , 28 and 29 of Table 2 . studied, clearly showing that unless the issue of population stratification is adequately addressed in designing case-control association studies, false positive and false negative error rates may be very high. Another example is that a well-studied polymorphism at the TNF locus, that results in a G to A transition at position -308, was found to be strongly associated with cerebral malaria (Wilson et al. 1997) . Two other alleles at this locus, TNF-376A and TNF-238A, are also reported to be associated with susceptibility to severe malarial anemia among children in Gambia and Kenya McGuire et al. 1999 ). We did not find the TNF-376A polymorphism in our populations, and detected large variations in population frequencies of Figure 4 Bidimensional plot of the first two principal components extracted from the haplotype frequencies at the ICAM1 and TNF loci, depicting the affinities among the 12 ethnic groups. a The percentages of variation attributable to among individuals within groups are obtainable by subtracting from 100 the sum of the percentages of total variation attributable to the other two sources of variation shown here. b The Jarawa was excluded from this analysis.
TNF-308A and TNF-238A. While it is possible that we have missed the TNF-376A polymorphism because of small sample sizes of individual ethnic groups, this possibility seems unlikely since our total sample size is reasonably large. Indian populations show high, but variable, levels of genomic diversity (Tables 2-5 ). Large variation is also observed in the extent of linkage disequilibrium at the ICAM1 locus (Figure 3 ). These features can be explained in part by the variable evolutionary histories of Indian ethnic groups (Basu et al. 2003) , including strong founder and drift effects, but nevertheless underscore their importance in designing case-control association studies.
